Background: Carbohydrate metabolism during decidualization is unknown. Results: Decidual cells undergo glycolysis upon progesterone signals, and the undifferentiated stromal cells consume lactate for proliferation. Inhibition of glycolysis or lactate flux could compromise decidual development. Conclusion: Warburg-like glycolysis and lactate communication play critical roles during decidualization. Significance: Our study will be valuable for understanding the mechanism underlying decidualization.
Following embryo implantation, endometrial stromal cells transform into decidual cells to support further pregnancy (1) . Compromised decidualization is an essential reason for pregnancy failures, 75% of which are associated with the defects that occur during peri-implantation periods in humans (2) . Several studies have shown activated glucose metabolism for human decidualization (3, 4) . The activity of glycolysis is also promoted in rodent decidua (5, 6) . Now, it has been determined that gly-colysis plays critical roles during decidualization in both rodents and humans (3, 4, 7, 8) . However, how glucose metabolism is regulated in decidua and the functions of glycolysis during decidualization both remain unclear. As carbohydrate metabolism affects many aspects of cell physiology, it is necessary to further understand decidual glucose metabolism during early pregnancy.
A low oxygen environment generally induces glycolysis in normal cells, but many cancer cells favor an accelerated glycolysis no matter whether under hypoxia or normoxia. This phenomenon is termed as the "Warburg effect" (9, 10) . Because of the activation of hypoxia-inducible factor 1 (Hif1) even under normoxia, many enzymes involved in glycolysis are predominantly expressed (10 -12) . Glucose transporter 1 (Glut1) is an efficient pump for glucose uptake (11) . Hexokinase 2 (Hk2) binds to mitochondria to rapidly generate glucose 6-phosphate (G6P) 2 (13) . After a series of catalyzing reactions, most G6Ps are converted to phosphoenolpyruvate, which is the substrate of tetrameric pyruvate kinase M2 (Pkm2). Pkm2 rather than Pkm1 possesses adjustable property by forming dimeric pyruvate kinase, which weakens its catalyzing activity and causes the accumulation of upstream metabolites (14) . For instance, when dimeric Pkm2 is predominant, nucleotide synthesis would be improved because more G6P is available for pentose phosphate pathway (PPP) (10) , which is directly controlled by G6P dehydrogenase (G6pdh) (15) .
Oxidative cells rely mainly on oxidative phosphorylation to acquire energy so that pyruvate is destined to enter mitochondrion where oxygen is consumed. Pyruvate is oxidized by pyruvate dehydrogenase (Pdh) to form acetyl-CoA, which is subsequently involved in the tricarboxylic acid cycle. However, glycolytic cells activate pyruvate dehydrogenase kinase (Pdk), which phosphorylates the E1␣ subunit of Pdh (Pdhe1␣) to compromise Pdh catalytic activity (16) . Thus pyruvate oxidation is attenuated, and most pyruvate converts into lactate by lactate dehydrogenase A (Ldha). Furthermore, monocarboxylate transporter 4 (Mct4) is also induced for exporting lactate (17) . Because most cancer cells rely on glucose addiction and acidic microenvironment, drugs targeting glycolysis and lactate flux have become a promising therapeutic strategy in oncology (10, 17) .
Here we showed that glycolysis is substantially induced in decidualizing cells both in vivo and in vitro. Progesterone activates Hif1␣ and c-Myc via Pi3k-Akt signaling pathway to render endometrial stromal cells to depend on aerobic glycolysis. Because decidual glycolysis shows similar characteristics as described in the Warburg effect in tumors (9), we consider that decidual cells undergo Warburg-like glycolysis. Additionally, a lactate shuttle exists between decidual cells and the undifferentiated stromal cells. A high lactate level in the extracellular milieu leads to Hif1␣ stabilization and subsequently improves proliferation of the undifferentiated cells. Disrupting glycolysis or lactate flux impairs decidualization both in vitro and in vivo. Collectively, our findings provide fundamental insights into glycolysis and lactate communication in endometrium during mouse decidualization. In humans, decidualization also requires enhanced glycolysis (4) . Abnormal glucose metabolism in human uterus is associated with several pregnancy complications, and also exists in patients with poor fertility (8, 18 -20) . Thus our study on decidual carbohydrate metabolism would be valuable for understanding the metabolic mechanism underlying mammalian early pregnancy.
Experimental Procedures
Animals and Treatments-All animal protocols were approved by the Animal Care and Use Committee of South China Agricultural University. All of the experiments were carried out in accordance with the approved guidelines by South China Agricultural University. Models of pregnant and pseudopregnant CD1 mice were prepared by mating female mice with fertile and vasectomized males, respectively, as described previously (21) . Day 1 is the day of vaginal plug. The implantation sites on day 5 were confirmed by intravenously injecting Chicago blue dye. Artificial decidualization was induced in pseudopregnant mouse by unilateral intrauterine injection of 10 l of sesame oil on day 4, and the deciduoma was observed on day 8 of pseudopregnancy. Based on previous studies (22, 23) , freshly prepared 3-bromopyruvate (1.8 mg/ml, dissolved in saline, injection volume is 3.3 ml/kg, Sigma) or ␣-cyano-4-hydroxycinnamic acid (CHC, 37 mg/ml, dissolved into saline containing 26% 1 N NaOH, injection volume is 5.4 ml/kg, Sigma) was injected daily intraperitoneally into pregnant or pseudopregnant mice from days 5 to 7. Saline treatment with an equal injection volume served as a control. Uteri were collected on day 8 to record the weights of implantation sites and deciduoma. To measure the weight of decidual tissue at the implantation site on day 8, embryos were dissected from the implantation sites.
Isolation and Treatment of Mouse Endometrial Stromal Cells-Primary endometrial stromal cells were isolated, cultured, and transfected as described previously (21) . Briefly, mouse uteri on day 4 of pregnancy were split and digested in Hanks' balanced salt solution containing 1% trypsin (AMRESCO, Solon, OH) and 6 mg/ml dispase (Roche Applied Science) to remove luminal epithelial cells. The remaining uteri were incubated with 0.15 mg/ml collagenase I (Invitrogen). The supernatants from the digested uteri were filtrated through 70-m wire gauze and centrifuged to collect the stromal cells. In vitro decidualization was induced by 10 nM estradiol-17␤ plus 1 M progesterone for 48 h. The cells were treated with 1 M progesterone for 48 h, 100 M CoCl 2 for 24 h, or 10 mM sodium L-lactate (Sigma) for 48 h. Cells were also treated with RU486 (1 M, Sigma), LY294002 (15 M, Cell Signaling, Beverly, MA), 10058-F4 (20 M, Sigma), or CHC (500 M). The siRNAs were synthesized by RiboBio Co., Ltd. (Guangzhou, China). The siRNA sequences for each gene were CTTGCAG-CTATTCGAGGAA for Pkm2 (Pkm2-siRNA-1), CTGCCAT-CTACCACTTGC for Pkm2 (Pkm2-siRNA-2), CGACAAGA-GTTGCCTGTTA for Pdk1 (Pdk1-siRNA-1), GACAGAATC-CGTCGAGAGA for Pdk1 (Pdk1-siRNA-2), CTGATAACGT-GAACAAATA for Hif1␣ (Hif1␣-siRNA-1), and CAAGCAAC-TGTCATATATA for Hif1␣ (Hif1␣-siRNA-2), respectively. Nonspecific siRNA was transfected as the negative control.
Immunohistochemistry-Immunohistochemistry was performed as described previously (21) . Briefly, each sample was fixed in 10% buffered formalin, embedded in paraffin, and cut into 7-m sections. After rehydration, antigen retrieval was performed by microwaving for 10 min in 10 mM sodium citrate buffer (pH 6.0). Endogenous HRP activity was inhibited with 3% H 2 O 2 . After blocking with 10% normal horse serum in PBS, sections were incubated with anti-Pkm2 (4053, Cell Signaling), anti-Mct1 (AB3538P, Chemicon, Pittsburgh, PA), anti-Mct4 (AB3314P, Chemicon), anti-Ki-67 (Rm-9106, Thermo), or anti-GFP (sc-8334, Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. The signal was developed by the diaminobenzidine (DAB)-HRP reaction system.
Real-time PCR and Analysis of Pkm Gene Splices-Total RNAs were extracted using TRIzol reagent (Invitrogen), digested with RQ1 deoxyribonuclease I (Promega, Fitchburg, WI), and reverse-transcribed into cDNA with PrimeScript reverse transcriptase reagent kit (TaKaRa, Dalian, China). Then real-time PCR was performed using a SYBR Premix Ex Taq kit (TaKaRa) as described previously (21) . The specific primer sequences for each gene are provided in Table 1 . Rpl7 was used for normalization. Data from real-time PCR were analyzed using the 2 Ϫ⌬⌬Ct method. The assay for the proportion of Pkm1 and Pkm2 expression was performed based on a previous study (24) . Briefly, both Pkm1 and Pkm2 transcripts were amplified using a pair of universal primers. After 25 cycles of amplification, PCR products were recovered from agarose gels and then digested with PstI (New England Biolabs, Ipswich, MA). Digested DNA fragments were analyzed by electrophoresis.
Subcellular Fractionation and Western Blot-Cultured cells were scratched in PBS containing 5 mM EDTA. Cytosolic and nuclear fractions were extracted using cytosolic buffer (10 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 1 mM NaF, and 1 mM glycerol phosphate) and nuclear buffer (20 mM HEPES, pH 7.5, 420 mM NaCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 1 mM NaF, and 1 mM glycerol phosphate), respectively. The whole cell lysate was prepared using radioimmunoprecipitation assay buffer containing Complete protease inhibitor cocktail (Roche Applied Science). Protein concentration was measured by a BCA reagent kit (Applygen, Beijing, China). Samples were run on a 10% SDS-PAGE and transferred onto PVDF membranes as described previously (21) . For analyzing tetrameric Pkm2, the tissue protein lysate was extracted using TG buffer (20 mM HEPES, pH 7.5, 1% Triton X-100, and 10% glycerol) and incubated with 0.01% glutaraldehyde at room temperature for 5 min. The reaction was terminated by adding 1 M Tris buffer (pH 8.0). The primary antibodies used were as follows: anti-Hif1␣ (AF1935, R&D Systems, Salt Lake City, UT), anti-Akt (9272, Cell Signaling), anti-p-Akt (4060, Cell Signaling), anti-c-Myc (9402, Cell Signaling), anti-p-Pdhe1␣ (NB110-93479, Novus Biologicals, Littleton, CO), anti-lamin A/C (2032, Cell Signaling), anti-tubulin (2144, Cell Signaling), anti-Pkm2 (4053, Cell Signaling), anti-p-Pkm2 (3827, Cell Signaling), anti-Mct1 (AB3538P, Chemicon), and anti-Mct4 (AB3314P, Chemicon).
Lactate and Cell Proliferation Assay-Lactate level and cell proliferation were measured by a lactate assay kit (K607, BioVision, Milpitas, CA) and the Cell Counting Kit-8 (Sigma) according to the manufacturer's instructions, respectively. The proliferation rate was calculated as optical density value of the sample/average optical density value of the control ϫ 100%.
Statistical Analysis-Values were expressed as mean Ϯ S.D. Equal variance was tested by F-test. If variance was not equal, a t test assuming unequal variances was used. Otherwise, an equal variance t test was performed. In all cases, p Ͻ 0.05 was considered significant. All the experiments were run in triplicate and repeated at least three independent times.
Results

Warburg-like Glycolysis during Decidualization-Excess lac-
tate is an evident product of glycolysis (10, 17) . We therefore started with the assessment of lactate level in mouse decidua. When compared with the inter-implantation sites, lactate level at the implantation sites was gradually increased from days 5 to 8 of pregnancy ( Fig. 1A) , indicating that glycolysis is active during the implantation period.
Because Pkm2 rather than Pkm1 provides advantages by forming dimeric pyruvate kinase, an alternative splicing switch toward Pkm2 from Pkm1 is therefore favored by glycolytic cells during tumorigenesis (24, 25) . Using the approach of exon-specific restriction digestion (24), we found that the proportion of Pkm2 expression was significantly increased at implantation sites, and concomitantly the proportion of Pkm1 expression was clearly reduced ( Fig. 1B ), suggesting a splicing switch toward Pkm2 during decidualization in vivo. Besides, Pkm2 protein expression was significantly promoted at implantation sites (Fig. 1C ). On day 5 of pregnancy, Pkm2 protein signal was mainly localized in the luminal epithelium and subluminal stromal cells around the implanting blastocyst, in which zone the stromal cells were proposed to initiate decidualization (2), whereas no signal was detected at inter-implantation sites ( Fig.  1D ). To investigate whether decidual Pkm2 is dimeric, the proteins in uterine lysate were cross-linked by 0.01% glutaraldehyde based on the method provided by a previous study (26) . Uterine tissues at the implantation sites on day 5 displayed increased expression of monomeric and dimeric Pkm2. On day 8, this increase was further improved, although tetrameric Pkm2 was also manifestly induced at the implantation sites (27) , we further showed that the p-Pkm2 level was gradually enhanced at the implantation sites during early pregnancy ( Fig. 1F ). Collectively, these data suggested that dimeric Pkm2 is induced in decidua, which might be due to enhanced Pkm2 phosphorylation.
In the Warburg effect, tumor cells need to enhance glycolysis to sustain the homeostasis of bioenergy and biomass (10) . To investigate whether accelerated glycolysis occurs during decidualization, we examined the relative expression of Pkm2 and several other glycolysis-related genes, such as Glut1 (glucose uptake), Hk2 (converting glucose to G6P), G6pdh (catalyzing G6P for PPP), Ldha (producing lactate), and Pdk1 (repressing Pdh by phosphorylating Pdhe1␣). During decidualization, the mRNA levels of these genes at implantation sites were significantly induced on day 5, and these inductions were all substantially enhanced on day 8 (Fig. 1G ). Moreover, phosphorylated Pdhe1␣ (p-Pdhe1␣) level was also gradually increased during this process ( Fig. 1F ), reflecting the repression of Pdh activity and suppressed oxidative metabolism in decidua during early pregnancy.
Although hypoxia triggers glycolysis, Pi3k-Akt signaling pathway controls Hif1␣ and c-Myc to regulate glycolysis-re- lated gene, and the activation of these factors can induce glycolysis even under normoxia (10, 12) . At the implantation sites on day 5, the levels of p-Akt, Hif1␣, and c-Myc were substantially increased (Fig. 1H ), suggesting that a similar regulatory mechanism may induce decidual glycolysis as in the Warburg effect.
Considering that embryonic metabolism may contribute to these outcomes, and also to validate the independence of decidual glycolysis from the embryo, we employed pseudopregnant mice to induce artificial decidualization. When compared with unstimulated uterine horn, lactate production was significantly improved in oil-induced deciduoma ( Fig. 2A ). Pkm2 expression and the level of dimeric Pkm2 were both obviously elevated in deciduoma (Fig. 2, B and C) . Moreover, the expression levels of glycolysis-related genes, p-Akt, Hif1␣, and c-Myc, were noticeably elevated in deciduoma (Fig. 2, D and E) . Hence, based on these significant expression profiles of Warburg effect-associated factors at the implantation sites and under artificial decidualization, we suggest that Warburg-like glycolysis exists in decidual cells during early pregnancy.
Progesterone Renders Warburg-like Glycolysis during in Vitro Decidualization-To better understand Warburg-like glycolysis in decidualizing cells, isolated endometrial stromal cells on day 4 of pregnancy were induced for in vitro decidualization. During this process, the extracellular lactate level was significantly increased and reached to nearly 10 mM (Fig. 3A) . The expressions of Glut1, Hk2, G6pdh, Ldha, Pdk1, p-Pkm2, and Pkm2, as well as the levels of p-Akt, Hif1␣, and c-Myc, were all significantly induced in the decidualizing cells under normoxia culture condition (Fig. 3, B and C) . Besides, we also observed that the proportion of Pkm1 expression was decreased in decidualizing cells (Fig. 3D) . These data suggested that cultured stromal cells prefer aerobic glycolysis under in vitro decidualization. Moreover, when Pdk1 expression was knocked down by two specific siRNAs in vitro, the induction of p-Pdhe1␣ was decreased during decidualization (Fig. 3, E and F) , implying that Pdk1 is responsible for Pdh inactivation in decidualizing cells. Progesterone and progesterone receptor (PR) are critical for decidualization (1) . Our previous work showed that Pi3k-Akt signaling pathway is activated by progesterone via PR in primary endometrial cells (21) . In this study, progesterone treatment in vitro significantly increased extracellular lactate production, which was attenuated by PR antagonist RU486 or Pi3k kinase inhibitor LY294002 (Fig. 4A ). Progesterone also induced the expression of p-Akt, Hif1␣, and c-Myc, and these inductions were abolished by either RU486 or LY294002 (Fig. 4B) . Meanwhile, the expression of Glut1, Pkm2, Ldha, Pdk1, and p-Pdhe1␣ was enhanced by progesterone, and RU486 or LY294002 could abrogate these effects in a similar pattern (Fig.  4, B and C) .
Then we focused on the effects of c-Myc and Hif1␣ on glycolysis in the stromal cells. 10058-F4, an inhibitor of c-Myc, caused an increase of the proportion of Pkm1 expression during in vitro decidualization (Fig. 4D) , consistent with a previous study showing that c-Myc controls the splicing switch toward Pkm2 (24) . Moreover, the inductions of Glut1, Pkm2, Ldha, Pdk1, and p-Pdhe1␣ under progesterone treatment were abrogated by 10058-F4 (Fig. 4, E and F) . Additionally, cells were transfected with nonspecific siRNA (Nc) and two siRNAs targeting Hif1␣. When compared with Hif1␣ siRNA-1, Hif1␣ siRNA-2 (Si2) showed more efficient effects on Hif1␣ expression in both mRNA and protein levels (Fig. 4, G and H) . After transfecting Hif1␣ siRNA-2, the increases of Glut1, Pkm2, Ldha, Pdk1, and p-Pdhe1␣ under progesterone treatment were also diminished by silencing Hif1␣ (Fig. 4, I and J) . Collectively, these data suggested that Pi3k-Akt signaling pathway is involved in progesterone-dependent aerobic glycolysis via c-Myc and Hif1␣.
Decidualization Relies on Glycolysis-When Pkm2 expression was specifically silenced by two specific siRNAs without affecting Pkm1, the expression of decidua/trophoblast prolactin-related protein (Dtprp), a well known decidualization marker (28) , was obviously inhibited (Fig. 5, A and B) . Additionally, the transition from fibroblast-like stromal cells to epithelioid decidual cells was attenuated by Pkm2 siRNA-2 (Fig. 5C ).
To examine whether glycolysis is functional for decidualization in vivo, pregnant mice were treated with 3-bromopyruvate, a widely used anti-tumor drug, by significantly inhibiting glycolysis (13, 23) . In pregnant mice, 3-bromopyruvate substantially reduced the growth and weight of implantation sites (Fig.  5, D and E) and led to retarded deciduoma (Fig. 5, F and G) . Additionally, the expressions of Dtprp and alkaline phosphatase (Alp), two markers for decidualization (28) , were both robustly diminished under 3-bromopyruvate treatment (Fig.  5H ), suggesting that glycolysis is critical for decidualization and early pregnancy.
Lactate Shuttle during Early Pregnancy-Under glycolysis, endometrial stromal cells have to face an acidic microenvironment during decidualization. Lactate plays multiple roles for tumor survival and growth (17, 29) . Herein we found a comparable proliferation rate of the lactate-treated cells (Fig. 6A) . The dose of lactate was chosen to be 10 mM based on the lactate level during in vitro decidualization (Fig. 3A) . Therefore, we proposed that the undifferentiated stromal cells could utilize excessive lactate for proliferation.
Lactate flux widely exists between glycolytic cells (expressing Mct4 for exporting lactate) and oxidative cells (expressing Mct1 for importing lactate) (17, 30, 31) . In our study, the levels of Mct1 and Mct4 were both induced at implantation sites and in deciduoma (Fig. 6, B and C) . Under in vitro decidualization, there was an up-regulation of Mct4 and a down-regulation of Mct1 (Fig. 6, D and E) . These data suggested that a local lactate shuttle properly exists in the decidua. As shown in Fig. 6F, Mct4 was expressed in the implanted embryo and the surrounding decidualizing cells on day 5 of pregnancy. Complementarily, Mct1 protein was detected in the blastocyst, luminal epithelium, and noticeably in the stromal cells, which were away from the Mct4-positive stromal cells. Moreover, the signals of Ki-67 were also detected in blastocyst and the stromal cells beyond the primary decidual zone. Collectively, these data implied that lactate from decidual cells may properly promote proliferation of the undifferentiated cells.
Dual Roles of Hif1␣ in Lactate Communication-In tumor cells, lactate treatment can benefit Hif1␣ stabilization (32) . As shown in Fig. 7A , when the undifferentiated cells were treated with lactate, Hif1␣ protein was accumulated in both cytoplasm and nucleus. The expression of Pkm2, one of Hif1␣-targeting genes (12) , was also increased. Moreover, knockdown of Hif1␣ could decrease proliferation rate and Pkm2 induction in lactate-treated cells (Fig. 7, B and C) . These results suggested that Hif1␣ contributes to lactate-stimulated proliferation of the undifferentiated stromal cells.
In glycolytic cells, Hif1␣ transcriptionally induces Mct4 expression (31) . Under in vitro decidualization, Mct4 expression was suppressed by Hif1␣ siRNA-2 (Fig. 7, D and E) . Progesterone-induced Mct4 expression was also diminished by RU486 or LY294002 (Fig. 7, F and G) , suggesting that the PR-Pi3k-Akt-Hif1␣ pathway controls lactate export.
Lactate Communication Benefits Decidualization-To examine the roles of lactate flux during decidualization, pregnant mice and cultured cells were treated with CHC (a specific inhibitor predominantly targeted on Mct1 rather than other Mcts) (33) . In the undifferentiated stromal cells, CHC decelerated proliferation under lactate stimulation. However, the inhibitory effect of CHC on proliferation was not evident in decidualizing cells (Fig. 8A ), suggesting that the undifferentiated stromal cells are more dependent on lactate consumption than decidual cells. Additionally, during in vitro decidualization or lactate treatment, CHC pretreatment could eliminate Hif1␣ increase and abrogate the induction of Pkm2 and Mct4 (Fig.  8B) . In decidualizing cells, CHC treatment suppressed the induction of glycolysis-related genes and Dtprp expression ( Fig.  8C ) and hampered the morphological transformation of the stromal cells during in vitro decidualization (Fig. 8D ). Collectively, inhibition of lactate communication not only impaired the proliferation of the undifferentiated cells, but also disrupted glycolysis and the differentiation ability in decidualizing cells.
In pregnant mice, CHC administration significantly reduced the size of implantation sites and decreased the weight of decidua during early pregnancy (Fig. 9, A and B) . Interestingly, the implanting mouse blastocysts also express Mct4 and Mct1 (Fig. 6F ). Lactate is considered as an energy substance for blastocysts (34) . Thus we performed artificial decidualization in pseudopregnant mice to eliminate embryonic effects. CHC injection could repress deciduoma formation (Fig. 9, C and D) . Expressions of Alp and Dtprp were both decreased in CHCtreated mouse uteri (Fig. 9E ). Collectively, these data suggested that lactate flux plays important roles during decidualization.
Discussion
Based on the increase of lactate production and the induction of glycolysis-related genes, as well as the active effects of Hif1␣ on glycolysis upon progesterone signaling, we suggest that decidualizing cells undergo Warburg-like glycolysis, the metabolic process of which is briefly depicted in Fig. 10 . Several studies also imply that decidual signals improve glycolysis in human endometrial stromal cells, which are also cultured under normoxic conditions. Glut1 is strongly induced and plays important roles during human decidualization (8, 35) . Pdk4, which has a similar property as Pdk1, is also induced in human decidualizing cells (36) . Besides, an accelerated glycolytic flux is essentially required for decidualization in both mice and humans (4) .
In most cases, tumors evolve and become first hypoxic and then acidic (11) . During early carcinogenesis, substantial proliferation of oxidative cells leads to insufficient oxygen content in the microenvironment, which induces Hif1␣ stabilization and subsequently renders these cells with glycolysis (11) . Similarly, during the peri-implantation period, mouse endometrial cells widely proliferate under the effects of progesterone and estrogen (37) . In humans, partial pressure of oxygen at the interface between mother and embryo is low in the first trimester (38) . The endometrial hypoxia thereby contributes to Hif1␣ activation (39) . However, to maintain glycolysis, Hif1␣ could be stabilized independent of hypoxia once some other signals (including Pi3k-Akt pathway) are activated (11) . Our study reveals that Hif1␣ protein is enhanced by progesterone in the stromal cells under normoxia condition, consistent with an earlier study indicating progesterone-dependent Hif1␣ induction in mouse uteri during early pregnancy (39) . Furthermore, Pi3k-Akt signaling pathway is activated in mouse endometrium during decidualization (21, 35) . Thus we propose that mouse decidualizing cells are eventually adapted to aerobic glycolysis due to Hif1␣ activation under progesterone priming. Similarly, in primary human endometrial stromal cells, estrogen has been proved to evoke a Warburg-like glucose metabolism by inducing dimeric Pkm2 (40) .
Dimeric Pkm2 incorporates energy acquisition and biomass production in the Warburg effect (10). Some macromolecular precursor, such as carbon source intermediates, should be piled up for anabolism, especially for nucleotide synthesis, because polyploidization and proliferation occur in decidual cells (2) . Our previous work showed that ribonucleotide reductase 2 (Rrm2), a rate-limiting enzyme in deoxynucleotide production for DNA synthesis, is strongly expressed and essential for mouse decidualization (21) . Additionally, as the rate-limiting enzyme for PPP, G6pdh was also promoted during decidualization in our study, suggesting that the buildup of G6P is shunted into PPP for nucleic acid synthesis. In human endometrial stromal cells, the supplement of ribonucleotides and deoxyribonucleotides could restore decidualization, which is disturbed by blocking PPP (41) . In this study, knocking down Pkm2 or injecting 3-bromopyruvate to disrupt glycolysis can impair decidualization. Consistently, drugs targeting glycolysis could hamper decidualization in both humans and rodents (4) . Therefore, Warburg-like glycolysis is essential for decidualizing cells to ensure enough bioenergy and biosynthesis during early pregnancy.
Lactate produced from glycolytic cells can be transported and utilized for oxidative metabolism (17) . When we adopted lactate treatment to mimic the acidic environment near the decidual zone, the proliferation of the undifferentiated stromal cells was accelerated. CHC pretreatment reduces lactate-dependent proliferation, implying that the undifferentiated cells can import lactate through Mct1 for proliferation. Besides, the complementary expression patterns of Mct4 and Mct1 in the decidual and the undifferentiated cells, which share a close anatomical relationship in vivo, further support the concept of local lactate flux in the endometrial stroma during post-implantation period.
Successful decidualization is a prerequisite for gestation and essentially related to human fertility. Defects in decidualization cause inadequate placentation and angiogenesis, which could give rise to pregnancy complications, such as preeclampsia (2) . As lactate stimulates the migration of human umbilical vein endothelial cells and promotes angiogenesis (30) , understanding the glycolysis and lactate flux in decidua might be meaning- ful for the prediction of preeclampsia in the first trimester. Additionally, patients with idiopathic infertility show decreased Glut1 expression in the endometrial stromal cells, suggesting the influence of dysfunction of endometrial stromal and decidual cells upon glucose metabolism (8, 19) . Patients with polycystic ovary syndrome also show disturbed glycolysis and reduced proliferation rate of endometrial stromal cells (20) . Disordered glucose metabolism in human endometrium is also involved in the poor fertility of older women or of women taking oral contraceptives (18) . Thus our study on carbohydrate metabolism in endometrium may provide new insights into the pathogenesis of metabolism-related diseases affecting human reproductive health.
